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1.      Project   Summary 

The primary objective of this program is to advance InGaAs materi- 
als technology so that high performance imaging can be performed at room 
temperature in the 1.0-2.6 pm near infrared band. 

During Phase I, the viability of the InGaAs material system was 
evaluated by fabricating focal plane arrays for room temperature near- 
infrared imaging.   Custom 128x128 pixel ln.53Ga.47As photodiode arrays 
were bonded, using indium bump techniques, to silicon readout multiplex- 
ers supplied by both EG&G Reticon and Rockwell International.   The resul- 
tant focal plane arrays (FPAs) were sensitive to radiation in the 1-1.7 /L/m 
range. 

FPAs bonded to Rockwell readout multiplexers were characterized 
for detectivity (D*) and uniformity as a function of temperature.   At room 
temperature, the detectivity measured at the peak of the spectral re- 
sponse (D*A,pk) was 1013 cm-VHz/W.   At 230K, the measured D* was 
greater than 3x1014 cm-VHz/W - a value very nearly background limited. 
At 230K, the uniformity was such that the standard deviation in D* was 
14% of the mean value and the yield was such that more than 98% of the 
pixels had a D* greater than 50% of the mean value.   FPAs were also fabri- 
cated using Reticon multiplexers but poor quality bump bonding prevented 
quantitative  characterization. 

The identification of the Rockwell variable bias multiplexer as a 
suitable match to the InGaAs PDAs and the resulting performance satis- 
fied the objectives of the Phase I program. 

The goals of Phase II will be to significantly advance the materials 
growth and processing technologies of lattice mismatched InGaAs so as to 
lower the dark current sufficiently that room temperature imaging in the 
1.0-2.6 fjm near infrared band can be performed.   This goal has proven 
elusive despite investments of tens of millions of dollars over more than 
a decade. 

Potential applications of this research include remote atmospheric 
sensing, LIDAR, satellite imaging, and near-infrared spectroscopy.   The 
goals of the Phase II program are to extend these results to longer wave- 
lengths using ln.82Ga.i8As (sensitive to 2.6 pm) and to assemble a camera 
to control the FPAs.   It is the intent of Sensors Unlimited to incorporate 
both the InGaAs FPAs and the camera into its product line. 
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2.      Phsse   I   TQchnigfll   Objectives 

The overall objective of this program is to develop a high perfor- 
mance room temperature camera based on the InGaAs material system for 
the 1-2.6 /jm near-infrared wavelength range. 

The purpose of the Phase I program was to construct a working 
128x128 element multiplexed ln.53Ga.47As detector array (sensitive to 
1.7 /urn) to prove the concept of a room temperature near-infrared imaging 
device.    Specific technical objectives were: 

1. Procure 128x128 InGaAs detector arrays. 

2. Procure Reticon silicon readout multiplexers. 

3. Deposit indium for "bump bonds" between the detector array 
and the readout multiplexer. 

4. Fabricate and test an integrated 128x128 multiplexer/array. 

5. Design or specify an improved multiplexer for use with the 
extended wavelength detector arrays during Phase II. 

6. Report results to contracting office via a final report. 

3.      Work   Carried   Out/Results   Obtained 

3.1     Fabricate 128x128 InGaAs detector arrays 

The arrays were fabricated from vapor deposited epitaxial layers of 
ln.53Ga.47As which was lattice-matched to an n-type (sulfur-doped) InP 
substrate.   A sketch of the structure is shown in Figure 1. 
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Figure 1.     Photodetector structure used for the Phase I Program. 

This wafer was then processed into an array of 40 x 40 ym pixels 
spaced 60 yvc\ over the entire 2" diameter wafer by: 

(1) The epitaxial side (front) of the wafer was coated with silicon ni- 
tride which serves both as an electronic passivant and as protection 
against the environment.   The subsequent processing is "planar1" i.e. does 
not involve the etching away of epitaxial material. 

(2) Using photolithographic techniques, 40 x 40 /jm holes were opened in 
the silicon nitride. 

(3) The p-n junction was formed by a Zn diffusion into the n-type epi- 
taxial layer.   The diffusion was carried out in a closed tube at 520°C using 
a Zn2As3 source. 

(4) The front surface ohmic contacts to the p-type regions of the indi- 
vidual photodiodes consisted of a Au/Zn alloy sintered into the InGaAs. 

(5) The substrate (back) was then lapped to a thickness of 100 jum. 

(6) The backside ohmic contact to the n-type substrate consisted of an 
Au/Zn alloy deposited in a grid pattern.   The substrate has a shorter 
wavelength cutoff than the active layer and is transparent to the 1 -1.7 
\jrx\ light.   The photodiode array is backside illuminated through the sub- 
strate. 
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Figure 2 contains photographs of the front and back side of the wafer. 

Figure 2.     Front and back side of the InGaAs detector array. 
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3.2     Procure Reticon silicon readout multiplexers 

The initial multiplexers used during Phase I were EG&G Reticon 
Model RA0128M.   These devices are simply modifications of Reticon's 
128x128 element silicon imaging array (RA0128N).   In the imaging de- 
vices, the silicon photodiodes face the surface but are covered with a di- 
electric which serves both as a protectant and an anti-reflection coating. 
In the multiplexer, holes are opened in the dielectric and aluminum bond- 
ing pads are deposited. 

The advantage of Reticon's multiplexer is that it allows custom 
photodiode arrays to be hybrid-integrated to a conventional silicon read- 
out that is compatible with their family of camera support electronics. 
The major disadvantage is that it is designed for silicon photodiodes and 
is not well suited to higher dark current materials. 

Figure 3 is a simplified schematic of the Reticon multiplexer when 
used as a silicon photodiode array: 

An individual photodiode is connected to a charge storage capacitor 
through row and column select switches.   The photodiode is "reset" by the 
application of a reverse bias from <j>x.   The charge depleted from the pho- 
todiode charges the storage capacitor.   The "fat zero" voltage allows the 
actual potential on the photodiode to be controlled to some extent.   This is 
generally used to prevent traps in the material to be exposed which ef- 
fects the linearity of the detector at low signal levels.   In typical appli- 
cations, the silicon photodiode is biased to » -12V. 

During the integration time, the photodiode is "de-selected" and al- 
lowed to float.   The reverse potential decays through a combination of 
photocurrent and dark current which decreases the capacitance of the 
photodiode.   In this sense, the signal is accumulated on the photodiode, it- 
self. 

The signal is "read" when the photodiode is next reset.   The degree 
to which the storage capacitor is charged depends on the capacitance of 
the photodiode and, thus, to the signal level.   When the photodiode is de- 
selected, the signal charge on the storage capacitor is clocked out through 
a bucket brigade device. 
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Figure 3.     Simplified Schematic of Reticon RA0128N 

Figure 4 is a schematic of the Reticon multiplexer after hybrid in- 
tegration with an external photodiode array.   The Reticon multiplexer is an 
NMOS device with n-on-p photodiodes.   A positive voltage is used to re- 
verse bias, i.e. reset, the photodiodes.   InGaAs photodiodes are fabricated 
by a p-diffusion into an n-type substrate.   The photodiode arrays used in 
this program are backside illuminated so the p-type front surface is 
mated to the readout multiplexer.   In order to deplete the external photo- 
diode array, a reverse bias must be applied to the n-type substrate, i.e. 
positive relative to the front surface.   The only adjustable potential in the 
Reticon multiplexer is the fat zero voltage.   This input has only a small 
adjustment range and, as a practical matter, the InGaAs photodiode arrays 
are biased to * -3V. 

As the dark current of a photodiode increases with reverse voltage, 
the goal is to allow the photodiode array to be operated as close to zero 
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bias as possible while storing the integrated charge on an external ca- 
pacitor.   This is not possible with the Reticon multiplexer.   As will be 
seen, the Reticon multiplexer allows the feasibility demonstration of 
room temperature imaging with 1.0-1.7 fjm InGaAs, but does not allow for 
optimized performance.   In addition, it will not be suitable for the Phase 
II effort which will be based on much higher dark current 1.0-2.6 pm 
InGaAs photodiode arrays. 

O, 

charge storage capacitor 

V, 
"fat zero" 

0) 

'a. 

bucket brigade device 

column select 

|Z\ 
InGaAs 
photodiode array 

T3 
CO 

row select 

A - licon photodiode 

Figure 4.      Schematic of InGaAs PDA bonded to Reticon Multiplexer 
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3.3     Specify and Procure Improved Multiplexer 

It was the original intent to base the Phase I effort on the Reticon 
readout multiplexer.   The design, specification, or identification of an 
improved multiplexer was to have taken place at the end of Phase I.   Dur- 
ing the course of the program, however, a Rockwell International multi- 
plexer which has been used to evaluate mercury cadmium telluride photo- 
diode arrays was identified.   The Rockwell multiplexer has the advantage 
that it allows the external photodiode array to be held at a variable po- 
tential; as low as -10 mV.   A schematic of the Rockwell multiplexer is 
shown in Figure 5 and its specifications summarized in Table 1. 

In a conventional PDA/multiplexer assembly, the integrated pho- 
tocurrent is stored in the capacitance of the photodiodes.   The photodiode 
array is "reset" by the application of a   reverse bias to the diodes and the 
sensor is allowed to "stare" by releasing the applied bias and allowing the 
reverse potential to decay.    The charge storage capacity of the assembly 
depends on the reverse bias applied to the photodiodes.   The accumulated 
charge consists of both photo-generated carriers and integrated dark 
current.   The dark current depends both on the reverse bias and the operat- 
ing temperature.   In general, this scheme is not appropriate for high dark 
current materials. 

In the Rockwell multiplexer, the signal charge is integrated in ca- 
pacitance in the multiplexer which allows the photodiodes to be operated 
near zero bias.   This allows the focal plane dark current to be minimized 
while maintaining the charge storage capacity of the integrated assembly. 

-10- 



JL     ♦■ 
JUITL*- 

Output Shift Register 

d 

£ 

cc 

o 

^-F---7^, 
.Output 

DÜ D 

DLOAD 

J        GMODS 

Figure 5.      Rockwell CMOS Switched-FET MUX with Gate Modulation Input 

1 
Parameter Min Max Units 

Format 128x128 Pixels 
Cell  Pitch 60 j/m 

Input Circuit Gate Modulation 
Supply Voltage 6 6 V 
Charge-Handling Capacity 5.5 7.9 106 e- 
Minimum Read Noise <50 e~ 
Dynamic Range >2 >10 io3            I 
Current Gain (A) >10 1fj3                I 
Input Offset Non uniformity <2 mV p-p         I 
Transfer Ratio 25xA nV/e-           I 

Table 1.     Specifications of Rockwell Multiplexer 

-11- 



3.4     Bond Photodiode Array to Readout Multiplexer 

The InGaAs photodiode arrays were connected to both Reticon and 
Rockwell multiplexers using indium "bump bonding" techniques.    Bonding 
to the Reticon multiplexers was carried out at the Martin Marietta Central 
Research Laboratories in Baltimore and to the Rockwell multiplexers at 
Rockwell's Science Center in Thousand Oaks, CA. 

Arrays of indium bumps were applied photc,;thographically to both 
the photodiode arrays and the multiplexers.   The single mask used con- 
sisted of a two dimensional array of 20 ^m diameter circles with a 60 jL/m 
center-to-center spacing.   Both the photodiode arrays and the multiplex- 
ers were coated with photoresist then exposed with the circles aligned to 
the device pixels.   Development left openings in the resist and the remain- 
ing resist was "lifted off" leaving arrays of circular bumps. 

The actual bonding was performed using infrared aligners from Re- 
search Devices, Inc. of Piscataway, NJ.   This instrument holds the photodi- 
ode arrays above the multiplexers and allows the operator to see through 
the InGaAs wafer with an infrared microscope.   The photodiode arrays 
were aligned to the multiplexers and their indium bumps are carefully 
pressed together under controlled temperature and pressure.   The proce- 
dure and the assembled device are illustrated in Figure 6.   Figure 7 is a 
photograph of a packaged assembly with the Rockwell multiplexer. 
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Figure 6.     Schematic of InGaAs Photodiode Array Indium Bonded to 
Silicon  Readout Multiplexer 

 128 x 128 InGaAs Focal Plane Array 
. Sensors Unlimited InGaAs/ 

Rl CMOS Gate Modulation Readout 

Figure 7.     Photograph of InGaAs Hybrid Focal Plane Array Fabricated from 
InGaAs Photodiode Array and Rockwell Readout Multiplexer 
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3.5     Characterization of Integrated 128x128 Multiplexer/Arrav 

The objective of Phase I of this Program was to mate a 128 x 128 
element lattice-matched ln.53Ga.47As photodiode array with spectral 
sensitivity between 1.0 and 1.7 /;m to a silicon multiplexer and to 
demonstrate the readout capability of the assembly. 

The goals of Phase I were exceeded by the demonstration of 
imaging performance  that  far exceeded  the current state-of- 
the-art. 

Specifically, the following was demonstrated: 

1) 128 x 128 element ln.53Ga.47As photodiode arrays were 
successfully mated to both Reticon RA0128M and Rockwell 
International CMOS Gate Modulation Readout multiplexers using 
indium bump-bonding techniques.   The bonding was carried out with 
virtually no missing diodes due to poor bond quality. 

2) Arrays mated to the Rockwell multiplexers were characterized at 
temperatures between 230 and 300K for spectra! response, 
detectivity, and uniformity with performance that far exceeds the 
state of the art for HgCdTe and InSb photodiode arrays.   This 
multiplexer has the further advantage of being able to apply a 
variety of biases to the photodiode array. 

The sensor shown in Figure 7 was characterized for detectivity, D*, 
spectral response, QE,   and uniformity of D* and QE.    Figure 8 is a his- 
togram summarizing the detectivity of the sensor at room temperature 
(300K) with the photodiode array biased to -1.3V.  As can be seen, the av- 
erage detectivity is 5x10^2 cm-VHz/W with a standard deviation 44% of 
the mean.   The histogram indicates that more than 94% of the pixels ex- 
hibit D* greater than 50 percent of the mean value.   The true situation is, 
in fact, better than this as, due to problems with the multiplexers, 2 
columns were not read but were included in the statistical analysis. 

All the results discussed herein were obtained with the Rockwell 
multiplexer.   As of November, 1992, a 128 x128 ln.53Ga.47As array had 
been "bump-bonded" to a Reticon multiplexer and is presently out at Reti- 
con being installed in their camera.   However, several difficulties have 
been encountered with their readout procedures, and to date, the Rockwell 
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approach has been more successful.   We will continue to pursue the Reti- 
con approach since this offers the advantage of an existing camera and 
readout system. 
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Figure 8.     D* Distributions at T = 300K, VR = -1.3V 

Figure 9 is the D* profile of the same device at room temperature 
but with the photodiode array operated near zero bias (ca. -10 mV).      As 
can be seen, the profiles are very similar in terms of both uniformity and 
pixel yield but the average D* is now in excess of 101 3 cm-VHz/W.   The 
increase in detectivity results from a decrease in the dark current. 

This   performance   establishes   a   new   state-of-the-art. 
Comparisons   with  other material systems,   (HgCdTe,   InSb,  PtSi), 
are not possible since InSb and PtSi must be cooled to liquid 
nitrogen   temperature  (77K)  and the  little  room  temperature  data 
available on HgCdTe (see Table 3) shows it to be ten times 
worse   than  InGaAs. 
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Figure 9.     D* Distribution at T = 300K, VR = -lOmV 

While the major goal of this Program is to develop a room tempera- 
ture near-infrared camera, the sensor/multiplexer assembly was also 
characterized at reduced temperatures which are accessible via thermo- 
electric cooling.   Figure 10 is the detectivity profile at 230K with the 
photodiode array operated near zero bias.   The average D* is 3.5x1014 cm- 
VHz/W.    This approaches  the theoretical maximum of 4.5x1014 

limited not by the detector but by the background scene (BLIP). 

Under these operating conditions, the distribution in D* has tight- 
ened to 14% of the average value with 98.4 of the pixels having a D* 
greater than 50 percent of the mean value.   The tail in the distribution 
towards lower D* values that was evident in the room temperature data 
has largely disappeared indicating that it was likely due to non-unifor- 
mity in the dark current. 
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There are two key points in understanding these results.   As men- 
tioned above, somewhat more than 1% of the pixels were not read due to 
multiplexer problems so, in fact, more than 99% of the pixels fall within 
the distribution.   Secondly, the device was first lowered to 200K then 
characterized at a variety of temperatures up to 300K.   Upon warming, the 
photodiode array was damaged so that one corner of the device exhibited 
higher dark current (Figure 11).   The tail of the D* distribution comes 
from this "hot spot" and is not indicative of the true performance of the 
device. 

The near BLIP detectivity of 3.5x1014 cm-VHz/W at 2 3 OK 
improves   the   state-of-the-art   for   near-infrared   two   dimen- 
sional imagers by more  than  two orders of magnitude. 
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Table 2 is a summary of the characterization of the Phase I 
in.53Ga.47As photodiode array mated to the Rockwell silicon readout 
multiplexer.   In all cases, the reported detectivity is the average of all 
16,384 pixels without correcting for those not read out due to problems 
with the multiplexer.   The same holds true for the uniformity and yield 
numbers.   At room temperature, the data was not corrected for the high 
dark current in one corner of the photodiode array that resulted from me- 
chanical stress.   The uniformity and yield measured at the lowest tem- 
perature, therefore, is indicative of what can be expected from subsequent 
assemblies. 

Temp. Bias D* Uniformity Yield 
(K) (-V) cm-VHz/W STD/MEAN (%) 

(%) 

300 1.3 5.04x1012 43.5 94.2 

300 .01 1.03x1013 45.3 94.8 

263 .01 6.95x1013 30.5 90.8 

230 .01 3.50x1014 14.O 98.4 

Table 2.      Performance of PDA/MUX Assembly 
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4.      Conclusions   and   Discussion 

The overall objective of this program is to develop InGaAs materials 
technology to where it can be used for room-temperature imaging in the 
1.0-2.6 £/m near infrared wavelength band.   Performance at these wave- 
lengths will require allow compositions of order ln.8Ga.2As.   The lattice 
of the active layers will be significantly mismatched to the InP substrate. 

The limited objective of Phase I of the Program was to demonstrate 
the feasibility of the technology   by integrating lattice matched 
ln.53Ga.47As with commercially available silicon readout electronics and 
characterizing the imaging performance at room temperature.   Lattice 
matched InGaAs is sensitive to the 1.0-1.7 £/m band. 

Phase I was successful in two regards.   The qualitative objectives 
were achieved in that the hybrid integration was successfully performed 
and room temperature imaging was observed. 

More  importantly,  the  performance  of  the  hybrid 
focal  plane  array  at  room  and  thermoelectrically 
cooled  temperatures  far exceeded  that  achieved 
from  any  other  material  system  despite  investments 
of tens of millions of dollars over more than a 
decade. 

Table 3 contains a summary of the available data for both HgCdTe 
and InGaAs.   It is extremely difficult to find data at exactly the same 
cutoff wavelengths and temperature with the same area device.     RoA was 
determined (in cases where it was not given as such) by simply multiply- 
ing the two numbers. 
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XQQ (lim) 

(n-cm2) 
RoAm 

HaCdTe 

 u . 

lnQgA§ 

1.4 4x104(292K) 
7x106(230K) 

2.5x105(300K) 
1.3 x108 (220K) 

1.7 2x102(300K) 
2x105(220K) 

2.5x105(300K) 
1.3x108(220K)  | 

2.1 7x101 (300K) 
7x103(220K) 

2.5x103(300K) 
6.5x105(220K) 

I              2-5 1 x10l (300K) 
1 x103(210K) 

1.3x102(300K) 
1.0x105 (21 OK) 

Table 3:      Comparison of RoA Values in HgCdTe and InGaAs 

For the InGaAs focal plane array developed during this program, at 
230K, an average detectivity of 3.5x1014 cm-VHz/W was measured with a 
uniformity such that more than 98% of the pixels exhibited detectivities 
greater than 50% of the mean value.   This sensitivity is nearly that lim- 
ited by background radiation (BLIP).   At room temperature, detectivities in 
excess of lO1^ were observed. 

5.      Phase   II   Activities 

While the Phase I results are exciting and encouraging, they only 
serve to identify the challenges that will be confronted during Phase II. 
The performance of InGaAs is not a continuum with alloy composition.   The 
lattice matched alloy has dramatically lower dark current (and, thus, 
higher detectivity) than the mismatched alloys. 

The major technological objective of Phase II will be to dramati- 
cally lower the room temperature, zero bias dark current of ln.82Ga.i8As. 
This will require significant advances to both the materials and front end 
processing technologies.   A secondary objective will be to identify and/or 
develop a silicon readout multiplexer which minimizes the effects of the 
dark current that remains. 
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